Abstract. Using electro-hydraulic servo-controlled testing system, the effects of loading rate on the bond properties between reinforcing steel bar and concrete were investigated. Type and diameter of steel, concrete strength, loading rate and bond length were considered in this experiment. The test result shows that loading rate has effects on the bond properties between reinforcing steel bar and concrete. When the loading rate increases, the bond strength increases, and the failure mode for the specimens with deformed steel bar changes.
Introduction
The reinforced concrete structure possibly suffers severe earthquake ground motions during the period of its active service, and the strain rate at critical sections from the dynamic loads may be as high as 1/s. Up to now, some researches on the effects of loading rate on the steel or concrete materials have been conducted.
However, there are a few studies on the loading rate effect on the bond-slip properties between concrete and steel bar. Vos and Reinhardt (1982) studied the effect of loading rate on the bond behaviors of reinforced concrete at monotonic tensile loading. Chung and Shah (1989) studied the bond-slip properties of small scale reinforced concrete beam column joint at dynamic cyclic loading. Weathersby(2003) experimental studied the bond-slip properties of reinforced concrete specimens at static loading, dynamic loading and impact loading in his doctor paper. Hong (2002) and Zheng (2004) experimental studied the effect of loading rate on corroded steel bar and concrete.
There are inconsistent ideas on the effects of loading rate on the bond properties between steel bar and concrete, with the aim of obtaining further information, an experimental investigation was undertaken in the present paper. Using electro-hydraulic servo-controlled testing system, the effects of loading rate on the bond properties between reinforcing steel bar and concrete were investigated. The type and diameter of steel, concrete strength, loading rate and bond length were considered in this experiment.
Test program
Using electro-hydraulic servo-controlled testing system, the effects of loading rate on the bond properties between reinforcing steel bar and concrete were investigated. The considered variables were the grade of concrete (C30 and C60), the type of steel bar (HPB300 and HRB400, the HPB300 steel is plain bar and the HRB400 steel is deformed bar), diameter of steel bar (16mm and 20mm), the bond length (4d and 5d, d is the diameter of steel bar). The loading rates were 0.005mm/s and 5mm/s, and every loading rate had three tests.
A test frame was designed, fabricated, and erected in the structural laboratory to carry out this experimental program as shown in Fig. 1 . Four displacement gauges were placed on the upper and lower sides of the specimen to measure the slippage between the steel and concrete, and the tests were run under displacement control. A typical specimen is shown in Fig. 2 . 
Specimen design
Forty-eight specimens were fabricated in this test, which are made of steel and concrete. The length of the steel bar was 250mm, the dimension of concrete cube was 150mm×150mm×150mm, and the steel bar was in the middle of the concrete cube. In order to eliminate the influence of external load on the bond-slip property, the same length of bond free length were reserved at both ends of the specimen. The strength of steel is shown in Table 1 .
The concrete mix design contained a normal Portland cement, Type 42.5 in accordance with China Standards, the fine aggregate was natural river sand, and the coarse aggregate was mostly crushed quartzite sandstone with a maximum nominal size of 25mm. Sika Viscocrete 3000 superplasticizer was used during the mixing of C60 concrete. Mix proportions of C30 concrete is water: cement: sand: stone =1:2.04:2.98:5.41, Mix proportions of C60 concrete is water: cement: sand: gravel: water reducer =1:3.03:3.67:7.45:0.03. All of the tested specimens were mixed, cast, and de-molded in the concrete laboratory and then transferred to the structural laboratory after 28 days of moist curing for testing. The average compressive strength of C30 concrete was 42.1Mpa and that of C60 concrete was 56.1Mpa, and the dimension of concrete cube was 100mm×100mm×100mm. 
Test results
The average bond stress is calculated as follows:
where,
F is the tension,  is the average bond stress, d is the diameter of steel bar, a l is the anchor length.
The average slip of the loading end and the free end of the steel bar in the specimen is taken as follows:
where, S is the displacement, l S is the loading end slip between the steel bar and concrete, and f S is the free end slip between the steel bar and concrete. The test results of specimens are shown in Table 2 . Table 2 shows the bond stress and failure mode of different specimens. 
Analysis of the results

Effect of the loading rate on bond strength
Type of steel
For specimens S1 and S2, which are made of C30 concrete, when the loading rate changes from 0.005mm/s to 5mm/s, the bond strength increases by 16.4% and 14.6%, respectively.
For specimens S5 and S6, which are made of C60 concrete, when the loading rate changes from 0.005mm/s to 5mm/s, the bond strength increases by 19.1% and 5.8%, respectively.
Therefore, for the two types of steel bar, when the loading rate increases, the bond strength increases. Plain steel bar specimens are more sensitivity to loading rate than the deformed steel bars specimens when the other loading conditions are the same.
Bond length
For specimens S2 and S3, which are made of C30 concrete, when the loading rate changes from 0.005mm/s to 5mm/s, the bond strength increases by 14.6% and 16% respectively.
For specimens S6 and S7, which are made of C60 concrete, when the loading rate changes from 0.005mm/s to 5mm/s, the bond strength increases by 5.8% and 2.9% respectively.
Therefore, for C30 specimens, bond strength is more sensitive for specimens with shorter bond length, and the difference of increment is 1.4% for S2 and S3. For C60 specimens, bond strength is more sensitive for specimens with longer bond length, and the difference of increment is 2.9% for S6 and S7.
Diameter of steel bar
For specimens S2 and S4, which are made of C30 concrete, when the loading rate changes from 0.005mm/s to 5mm/s, the bond strength increases by 14.6% and 17.4% respectively.
For specimens S6 and S8, which are made of C60 concrete, when the loading rate changes from 0.005mm/s to 5mm/s, the bond strength increases by 5.8% and 3.3% respectively.
Therefore, for C30 specimens, bond strength is more sensitive for specimens with smaller diameter of steel bar, and the difference of increment is 2.8% for S2 and S4. For C60 specimens, bond strength is more sensitive for specimens with bigger diameter of steel bar, and the difference of increment is 2.5% for S6 and S8.
Concrete strength
Comparing the 1, 2, 3, 4th groups and the 5, 6, 7, 8th groups, it can be seen that when the loading rate increases from 0.005mm/s to 5mm/s, the 1, 2, 3, 4th groups increases by 16.4%, 14.6%, 16%, 17.4%, respectively, and the 5,6,7,8th groups increases by 19.1%, 5.8%, 2.9%, 3.3% respectively. Therefore, for specimens made of plain bars, the higher the strength of concrete is, the more sensitive to the loading rate; for specimens made of deformed bars, the higher the strength of concrete is, the less sensitive to the loading rate.
Effect of loading rate on failure mode
1) The loading rate had no effect on the failure mode of the specimens with plain steel bar, all of which failed due to bar pull out.
2) For specimens with C30 concrete and deformed bar, S2 and D2 failed due to cracking of the concrete and loading rate had no effect on failure mode; S3 failed due to bar pull out at static loading while D3 failed due to cracking of concrete at dynamic loading; S4 failed due to bar pull out at static loading while D4 failed due to yield of steel bar at dynamic loading.
It can be seen that there is descent part on the bond-slip curve when the failure mode is bar pull out or yield of steel, however, there isn't descent part when the failure mode is cracking of concrete.
3) For specimens with C60 concrete and deformed bar, S6, D6, S8 and D8 failed due to yield of steel bar and the loading rate had no effect on failure mode; S7 failed due to cracking of concrete at static loading while D7 failed due to yield of steel bar at dynamic loading.
Conclusion
The effects of loading rate on the bond-slip properties between reinforcing steel bar and concrete were experimentally studied in this paper. Based on the test results, some conclusions are gotten.
(1) For all the test cases, when the loading rate increases, the bond strength increases, but the increment is different. For specimens with plain steel bars, the higher the strength of concrete is, the more sensitive of bond strength to the loading rate .For specimens with deformed bars, the higher the strength of concrete is, the less sensitive of bond strength to the loading rate.
(2) For specimens with C30 concrete, bond length and diameter of steel bar have an influence on the sensitivity of the loading rate, but the influence difference is less than 3%, which can be neglected relative to its average increment of 16%. For specimens with C60 concrete, the bond length and bar diameter have an influence on the sensitivity of the loading rate, and the difference is less than 3%, relative to the average increment of 4%, which can't be neglected.
(3) The loading rate has no effect on the failure mode of the specimens with plain steel bar, all of which fail due to bar pull out, and there are some differences on the failure mode for the specimens with deformed steel bar when the loading rate increases.
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